atmospheric carbon dioxide ͉ electronic structure calculations ͉ paleosols ͉ goethite ͉ gibbsite T he paleosol carbon-isotope method is one of the major techniques for reconstructing the composition of the ancient atmosphere (1, 2). The depth-dependent mixing of respirative CO 2 from soil ( 13 C-depleted) with atmospheric CO 2 ( 13 Cenriched) can be preserved in soil minerals and has been used to infer atmospheric PCO 2 and respiration rates in paleosols (3). The idea was directed originally at soil carbonate minerals (4) and later applied to the CO 2 component of pedogenic goethite (␣-FeOOH) (5-7) and gibbsite (Al(OH) 3 ) (8, 9). The fractionation between mineral-dissolved CO 2 [CO 2 (m)] and CO 2 (g) is a key factor in the technique because it determines how the respired CO 2 vs. atmospheric CO 2 mixing profile is imprinted onto the soil mineralogy. Direct measurements of the CO 2 (m)-CO 2 (g) fractionation factors for (oxy)hydroxide soil minerals have thus far been elusive. The small values (0 to ϩ2.5 per mil) that have been provisionally implied are surprising because, by analogy with carbonate minerals, a 13 C-enriched fractionation factor (close to ϩ10 per mil) might be expected (10, 11) .
T he paleosol carbon-isotope method is one of the major techniques for reconstructing the composition of the ancient atmosphere (1, 2) . The depth-dependent mixing of respirative CO 2 from soil ( 13 C-depleted) with atmospheric CO 2 ( 13 Cenriched) can be preserved in soil minerals and has been used to infer atmospheric PCO 2 and respiration rates in paleosols (3) . The idea was directed originally at soil carbonate minerals (4) and later applied to the CO 2 component of pedogenic goethite (␣-FeOOH) (5-7) and gibbsite (Al(OH) 3 ) (8, 9) . The fractionation between mineral-dissolved CO 2 [CO 2 (m)] and CO 2 (g) is a key factor in the technique because it determines how the respired CO 2 vs. atmospheric CO 2 mixing profile is imprinted onto the soil mineralogy. Direct measurements of the CO 2 (m)-CO 2 (g) fractionation factors for (oxy)hydroxide soil minerals have thus far been elusive. The small values (0 to ϩ2.5 per mil) that have been provisionally implied are surprising because, by analogy with carbonate minerals, a 13 C-enriched fractionation factor (close to ϩ10 per mil) might be expected (10, 11) .
In carbonate minerals with the calcite and aragonite structure, the overwhelming majority of carbonate ions are in a single crystallographic site that governs the equilibrium isotope fractionation. In contrast, occlusion of CO 2 in oxide soil minerals at trace concentrations could involve multiple sites with varying populations, possibly depending on the kinetics and conditions of soil formation. For goethite, it has commonly been assumed that the open pseudochannels parallel to the c crystallographic axis are the major host for CO 2 (m) (12) , but this has not been definitively demonstrated, and it is possible that other types of sites could be involved in the uptake of CO 2 (m). An important question is then whether the various kinds of CO 2 (m) sites would have large differences in their equilibrium 12/13 C isotope fractionation factors. Little attention has been given to the possibility of heterogeneous chemical speciation of CO 2 (m) within the host mineral. Site heterogeneity would complicate the interpretation of the carbon isotope records preserved in these minerals. At the same time, a better understanding of the crystal chemistry of CO 2 (m) defects in oxide/oxhydroxide minerals and their isotopic fractionations could serve as a foundation for a much more sensitive paleoclimate indicator than would be possible with knowledge of only the overall isotopic composition. Knowledge of site-specific isotopic signatures in minerals could have much wider applicability than the CO 2 -Fe,Al(oxy)hydroxide system.
Although the experimental difficulties of sampling these individual sites might be daunting, accurate theoretical calculation of the potential fractionations is now feasible by using methods of quantum chemistry. During the last several years, there has been notable success in first-principles calculation of equilibrium fractionation factors in a variety of geochemical environments ranging from silicon in the Earth's core (13) to boron isotopes in seawater (14, 15) to chlorophyll populations in higher plants (16) . Recently these methods have been applied to carbonate minerals (17, 18) . In particular, in ref. 18 , equilibrium constants for carbon-isotope exchange between CO 2 (g), the dissolved aqueous carbonate species, and carbonate minerals were all reproduced to 1-2 per mil with a single theoretical approach. Here, using the methods established in ref. 18 , we report density functional theory (DFT) calculations of the structure and isotopic fractionation of CO 2 (m) in goethite (␣-FeOOH), diaspore (␣-AlOOH), and gibbsite [Al(OH) 3 ]. These considerations suggest two strategies for finding potential CO 2 (m) structures by using molecular dynamics techniques. For CO 2 (m) A , the initial position of the C 4ϩ is placed in one of the vacant rows in diaspore or into the dioctahedral hole in gibbsite. Because protons effectively occupy these sites, four of them are removed when the C is placed in the vacancy. For CO 2 (m) B , the Al 3ϩ ion is replaced with C 4ϩ , and a nearby proton is removed. Ten starting configurations were run for each possibility with different protons removed and with varying directions for the initial shooting direction for the C 4ϩ . In either the CO 2 (m) A or CO 2 (m) B configurations, the C 4ϩ is too small to fit into the octahedral site and seeks a more suitable crystallographic environment.
Results

CO2(m) Sites in Goethite and
For goethite or diaspore, the equilibrium between the CO 2 (m) species is:
The optimal CO 2 (m) A and CO 2 (m) B configurations in ␣-oxyhydroxide are shown in Fig. 1 A and B . Both substitutions result in flat carbonate ions within the crystal. For CO 2 (m) A , the carbonate ion straddles the center of the unoccupied rows. In CO 2 (m) B , the C 4ϩ ion has embedded itself into one of the faces of the octahedron that it originally occupied when it was substituted for the Al 3ϩ ion. The energies for each species are given in Table 1 . For diaspore, CO 2 (m) B is 34 kcal/mol lower than CO 2 (m) B , as calculated with the PBE exchange-correlation functional at 0 K.
For gibbsite, the solid solution can be written
, with the equilibrium expressed as:
By using the same searching procedure as for diaspore, the optimal structures for the two substitution schemes are given in Fig.  1 C and D. Again in CO 2 (m) B , the carbonate ion is embedded in one of the faces of the octahedron in which C 4ϩ was substituted for Al 3ϩ . In CO 2 (m) A , the carbonate ion bridges two edge-sharing octahedral dimers. As in the case of diaspore, CO 2 (m) B is energetically favored (as expressed by Eq. 2) with the PBE exchange-correlation functional, in this case by 46 kcal/mol at 0 K.
Vibrational Spectroscopy and Isotope Fractionation Factors.
After the structures of the occluded CO 2 molecules were identified, cluster representations were extracted (see Methods for details) and DFT quantum chemical methods (Parallel Quantum Solutions, www.pqs-chem.com) were used to calculate harmonic vibrational frequencies and 12,13 C isotope fractionation factors for clusters representing the low-energy configurations. Structures formed in diaspore were used to construct equivalent configurations in goethite.
Infrared spectroscopy is the main source of information on the structural state of C 4ϩ in soil minerals (20) (21) (22) . Overall, the spectra indicate that C 4ϩ is present in these minerals as a carbonate ion, but with the trigonal symmetry broken as indicated by splitting of the asymmetric stretching frequency. The frequencies of the major vibrational modes of the carbonate ions that were found in the searching procedure are given in Table 2 . It is not straightforward to compare calculated harmonic frequencies with measured frequencies unless harmonic frequencies have been explicitly extracted from the measurements. For CO 2 (g), the harmonic frequencies are known experimentally; our methods reproduce them to within 10 cm Ϫ1 (18) . The calculated CO 2 (m) A and CO 2 (m) B have distinguishable vibrational characteristics common to both diaspore/goethite and gibbsite. In CO 2 (m) A , the splitting of the 3 asymmetric stretch is Ϸ20% (1,507 cm Ϫ1 , 1,178 cm Ϫ1 ). For CO 2 (m) B it is closer to 10% (1,472 cm Ϫ1 , 1,360 cm Ϫ1 ). The calculated magnitude of the 3 splitting in CO 2 (m) B (1,472 cm Ϫ1 , 1,360 cm Ϫ1 ), and the relative infrared intensities of the split peaks might provide a reasonable match with the infrared measurements, where bands Table 1 . Electronic energies (au) for the lowest-energy conformer found for CO2(m) in diaspore and gibbsite, as well as H2O, CO2 (as computed with the plane-wave code), and pure ␣-AlOOH Zero point energies are listed in parentheses. Total energies at 0K (electronic energy ϩ zero-point energy) are given on the bottom row.
at 1,550-1,515 cm Ϫ1 and 1,375-1,345 cm Ϫ1 were assigned to the 3a and 3b (20) (21) (22) . It is rare, however, for calculated harmonic frequencies with the B3LYP functional to underestimate measured frequencies. Given the large 877 km/mol intensity of the 3a band at 1,507 cm Ϫ1 predicted for CO 2 (m) A relative to 546 km/mol for the 3a band at 1,472 cm Ϫ1 predicted for CO 2 (m) B and the position of the low-intensity 3a band at 1,178 cm Ϫ1 , where it would be mixed in with the bending modes of hydrogenbonded surface OH groups, it is possible that the infrared data are recording the presence of both structures. Higher-resolution IR data would help to resolve this issue. The 12,13 C isotopic shift in the calculated harmonic vibrational frequencies can be used to calculate the reduced partition function ratio ␤ (23):
where u (h,l)i ϭ បc2 (h,l)i/kT . The (h,l)i are the frequencies (e.g., in cm Ϫ1 ) for the heavy (h, 13 C) and light (l, 12 C) isotopes, and the product extends over all characteristic frequencies. The fractionation factor ␣ is given by ␣ ij ϭ ␤ i /␤ j , with ␣ Ͼ 1 indicating enrichment of 13 C in species i. The calculated ␤s and equilibrium values of 10 3 ln␣ are listed in Table 3 . There is a striking difference between the isotopic signatures of the two CO 2 (m) types for both goethite and diaspore. For goethite, 10 3 ln␣ CO2(m)B-CO2(g) is approximately Ϫ0.6%, compared with Ϫ19.5% for 10 3 ln␣ CO2(m)A-CO2(g) . Previous work has adopted an overall provisional value of 10 3 ln␣ CO2(m)-CO2(g) ϭ ϩ2.5, although this is not based on direct synthesis of goethite in isotopic equilibrium with CO 2 (g) (24) . The calculated fractionation factor for CO 2 As in the case of goethite, direct measurements have not been carried out, and previous applications of the method have taken 10 3 ln␣ gibb-CO2(g) Ϸ 0 (3, 8, 9) .
For goethite, predicted carbon-isotope fractionation factors for both structures are much lighter than the carbonate ion in calcite and aragonite. The occupation of the pseudochannels in goethite by carbonate ions was postulated Ͼ30 years ago (12) and has been understood to be the main mechanism by which carbonate ions are incorporated into goethite. If this is the case, and the carbon-isotope composition represents an equilibrium fractionation, our calculations indicate a highly 13 C-depleted isotopic signature for CO 2 (m). Such a light signature appears to be qualitatively inconsistent with diffusive mixing profiles thus far obtained from geological field evidence (5-7). If the main mode of CO 2 occlusion is through CO 2 (m) B , 10 3 ln␣ goeB-CO2(g) ϭ Ϫ0.6, a value more in line with the observed soil profiles. The discrepancy with the provisional value of ϩ2.5 per mil is probably within the error inherent in our computational method, which could be somewhat higher than the 1-2 per mil given in ref. 18 because of the difficulties associated with treating transition metals in the electronic structure calculations. On the other hand, in our previous studies on carbonate minerals, the techniques used here have thus far given fractionation factors 1-2 per mil heavier than the measured values, so the discrepancy may be significant.
The surprisingly light equilibrium carbon-isotope composition of the carbonate trapped in the open pseudochannels of goethite suggests that additional caution be used in the interpretation of goethite-hosted carbonate isotope measurements. It is difficult to believe that the CO 2 (m) A sites are not kinetically favored under some conditions of soil formation, given the lability of protons relative to Fe 3ϩ and the availability of open sites for occupation in the vacant goethite channels. If some CO 2 (m) A sites were present, it is likely that the amount of light carbon would be proportional to the mole fraction of carbonate in the goethite, with higher mole fractions potentially having higher populations of light CO 2 (m) A . Such trends have been previously observed in studies of the carbon isotope systematics of CO 2 (m) in goethite (5) , and it is interesting to consider the possibility that a light carbon signature could be imparted into a growing crystal because of systematic trends in CO 2 (m) populations. Variations in crystal growth rate or morphology could plausibly be expected to correlate with soil depth because of systematic changes in water activity and temperature (25) . If these variations influence the CO 2 (m) A /CO 2 (m) B ratio, the CO 2 (m) A component in goethite is light enough to be potentially mistaken for an organic Harmonic frequencies B3LYP/(m)6-31G*//aug-cc-pVDZ (cm ؊1 ) for 4 (O-C-O) bend, 2  (CO3 inversion), 2 (CO3 symmetric stretch), and 3 (CO3 asymmetric stretch Intensities for split 3 modes are given in parentheses (km/mol). carbon source. Although this is not the simplest explanation for the trends observed in field studies, our calculations underscore the importance of experimental determination of site-specific carbon isotope signatures in minerals.
In Table 3 , we report fractionation factors for diaspore (␣-AlOOH) in addition to goethite. Although carbon-isotope work has not been reported for diaspore, goethite often contains a significant AlOOH component in solid solution. According to Table 3 , this should increase the fractionation factor relative to pure FeOOH. For example, a goethite with 30% AlOOH would be predicted to have a fractionation factor of approximately ϩ1.0 per mil relative to CO 2 (g).
CO2(m) in Gibbsite.
If the incorporation of CO 2 in gibbsite is dominated by CO 2 (m) B , the high positive value for 10 3 ln␣ gibb-CO2(g) has important implications in the interpretation of atmosphere-soil interactions and explains some discrepancies in previous applications of the paleosol-CO 2 method of atmospheric reconstruction. Previous work indicated anomalously low respiration rates in mid-Holocene soils in the southeastern U.S. based on the ␦ 13 C of gibbsite preserved in soils (3). This work assumed a 10 3 ln␣ CO2(m)-CO2(g) ϭ 0. If 10 3 ln␣ CO2(m)-CO2(g) for gibbsite is large and positive, then measured soil profiles do not require such a large atmospheric component of 13 C to attain the high ␦ 13 C values measured in the soil profiles. Recent multiproxy investigations of the Late Paleocene atmosphere based on the paleosol method (9) suggested that soil goethites and gibbsites had not established 13 C isotopic equilibrium; the isotopic composition of gibbsite being Ϸ3-7 per mil more enriched in 13 C than expected based on the isotopic composition of coexisting goethite. Enrichment of 13 C in gibbsite by 10 per mil relative goethite is would be expected if the CO 2 (m) B configurations dominate the carbon-isotope fractionation between goethite and gibbsite. Although this offset could be less if the CO 2 component of gibbsite were a mixture of CO 2 (m) A and CO 2 (m) B , these considerations imply that the CO 2 (m)-CO 2 (g) fractionation factor for gibbsite is relatively large and positive, more closely resembling the fractionation factors for the carbonate minerals calcite and aragonite than goethite.
It is possible that the isotopic signature of the of CO 2 (m) incorporated into soil minerals could be governed by surface complexes, masking the signatures calculated here for carbonate hosted within bulk environments. One study (26) has indicated that sorbed carbonate is enriched in 13 C by 2.5 per mil relative to CO 2 (g), which appears to be consistent with the existing geologic evidence. However, given the morphological variations inherent in a kinetically surface-roughened mineral such as goethite, the potential complications of pH dependence, and competitive sorption effects (e.g., with phosphate or silicate), it seems unlikely that surface-mediated incorporation would give rise to a uniform and consistent isotopic signature across a range of geological environments. We note that it has not been necessary to invoke surface effects in predicting the carbon isotope composition of carbonate minerals (10, 11) . Additional work is required to assess the potential role of surface complexes in determining the isotopic composition of CO 2 (m).
Conclusions
Our calculations were motivated by questioning whether the small fractionation factors currently in use for CO 2 (m) in goethite and gibbsite are plausible from a crystal-chemical standpoint. It seemed to us more reasonable to look for a 10 3 ln␣ CO2(m)-CO2(g) of close to 10 per mil for these minerals, that is, the CO 2 (m) should behave more like carbonate in calcite and aragonite than like CO 2 (g). Two types of solid solutions were tried, one in which C 4ϩ replaces four protons and another in which the C 4ϩ replaces Fe 3ϩ or Al 3ϩ plus one proton. Both types of substitutions yielded flat carbonate ions within the structure. The low-energy conformation of CO 2 (m) in gibbsite, like aragonite and calcite, has a large positive 10 3 ln␣ CO2 (m) -CO2(g) of ϩ12.3 per mil. For goethite, even the site with the heaviest carbon isotope signature gives a small fractionation with respect to CO 2 (g), in agreement with geological observations that CO 2 (m) in goethite is isotopically light relative to CO 3 2Ϫ in carbonate minerals. However, we also have found that the expected crystal-chemical mode of CO 2 (m) accommodation in goethite, in the open channels along the c axis, has a very light 10 3 ln␣ CO2(m)-CO2(g) of nearly Ϫ20 per mil. As more measurements of the carbon isotopes of CO 2 (m) in goethite are made, it should be kept in mind that some structural states of CO 2 (m) could give rise to very light carbon isotope signatures if dominated by CO 2 (m) A . Isotopic fractionation induced by uptake of trace mineral components at multiple crystallographically distinct sites, which appears to be particularly strong in structurally heterogeneous minerals such as goethite and gibbsite, could have a large influence on the overall isotopic signature of soil minerals. In identifying the two types of sequestered structures and the surprisingly strong equilibrium isotopic fractionations between them, our calculations imply that improvement of isotope sampling techniques, to the point of allowing experimental determination of isotope signatures at a site-specific level, could have an important influence on the sensitivity and reliability of paleoclimate reconstruction.
Methods
The molecular dynamics simulations were carried out by using the method of Car and Parrinello (27) as implemented in NWChem release 4.7 (19) . Pseudopotentials were taken from ref. 28 . We used the PBE exchange-correlation functional (29) with an energy cutoff of 90 au (atomic units ϭ 1 Hartree Ϸ 627.5 kcal/mol) for the plane-wave basis. The fictitious mass was set at 400 au, and the time step set at 4 au (Ϸ9.7 ϫ 10 Ϫ17 s). Electronic and nuclear degrees of freedom were attached to separate Nose-Hoover thermostats at 150 and 300 K, respectively (30) . The mass parameter for both thermostats was set to 250 au. For each of the four structures, 10 simulations were run with different protons removed and with the C 4ϩ ion shot in different directions. Each of the 10 simulations is run for Ϸ0.5 ps before being quenched to a minimum energy configuration.
The quantum chemistry calculations were carried out with the PQS code (Parallel Quantum Solutions, www.pqs-chem.com). The extracted clusters included the central carbonate ions, all metal ions (Al, Fe) bound to the central carbonate ions, and all oxide ions bound to the metal ions. The clusters were terminated with protons. The positions of atoms in the carbonate ion, the bound metal ions, and bridging oxide/hydroxide ions were optimized, with the coordinating water molecules remaining fixed in their measured lattice positions. Partial-block Hessian matrices including only these degrees of freedom were evaluated. The clusters were run with the B3LYP exchange correlation functional (as implemented in the PQS code), with the aug-cc-pVDZ basis and the carbonate unit and the 6-31G* basis for the other ions. For Fe, we used the m6-31G* basis set (31) with diffuse functions modified to improve, among other things, vibrational frequencies for transition metals.
To assess the ability of the clusters to represent the bulk, we compared the reduced partition functions calculated from the Al 3ϩ clusters with those calculated from the vibrational frequencies of the fully periodic systems, both using the PBE exchange-correlation functional. The fractionation factors were reproduced to within Ͻ2 per mil. At the less-expensive PBE/6-31G* level, we also tried larger cluster sizes with a second shell of coordinating metal ions (a total of 26 Al 3ϩ ) that gave results within Ϸ1 per mil of the clusters presented here when run at the same level. We are therefore convinced that, for the purposes of these investigations, the clusters are good representatives of the bulk and have the advantage that they can be run at high enough levels of theory (B3LYP/aug-cc-pVDZ) to accurately reproduce fractionation in the CO2(g), CO3 2Ϫ (aq), HCO3 Ϫ (ag), calcite, and aragonite systems, as reported in ref. 18 . Cartesian coordinates for all clusters and Crystallographic Information Framework (cif) format files from the periodic ab initio molecular dynamics simulations are given in supporting information (SI) Dataset S1 and Dataset S2.
